Photo-induced decomposition of ethane Effects of CO 2 TiO 2 -supported Pt metals TPR studies on carbon deposit a b s t r a c t
Introduction
The conversion of alkanes into more important compounds is an important subject of heterogeneous catalysis [1e3]. There is a great variety in the reactivity of alkanes. Whereas both the decomposition and dry reforming of CH 4 requires high temperature even on the most active Rh [4, 5] , the reactions of C 2 H 6 [6e8] and C 3 H 8 [9, 10] proceeds at significantly lower temperatures. This difference in the reactivity appeared in their aromatization on Mo 2 C/ZSM-5. Methane was converted into benzene around 973 K [11e13], while the aromatization of C 2 H 6 proceeds on the same catalyst at 873 K [14] and that of C 3 H 8 at 773 K [15, 16] . An alternative but less exploited way of hydrocarbons is to use them as a source of hydrogen. The production of hydrogen became a very important subject for heterogeneous catalysis. Due to the high stability of these compounds, however, their catalytic decomposition needs high temperature and very effective catalysts [17e20]. Catalytic cracking of C 6 eC 7 paraffins on HZSM-5 proceeds at somewhat lower temperatures, but it yields several H-containing compounds beside H 2 [21e26] . As in several other cases one expects that the activation of CeH bond in lower alkanes on solid surfaces can be achieved by illumination. In the present work we examine the effect of photocatalysis on the decomposition of C 2 H 6 and its reaction with CO 2 on TiO 2 -supported Pt metals. Surprisingly, relatively few works have been devoted to the photocatalytic reactions of hydrocarbons, most of the studies dealt with the photo-oxidation of light alkanes [27e34] .
Experimental

Methods
Photocatalytic reaction was followed in the same way as described in our previous papers [35] , equipped with a 500 W medium pressure mercury vapor lamp (TQ 718, Heraeus Noble light, Germany) as a light source. In some experiments we applied a 15 W germicide lamp, which emits predominantly in the wavelength of 250e440 nm, and its maximum intensity is at 254 nm. For the visible photocatalytic experiments another type of lamp was used (Lighttech GCL 307T5L/GOLD) with 400e640 nm wavelength range and two maximum intensities at 453 and 545 nm. Note that this lamp also emits below 400 nm. The approximate light intensity at the catalyst films is 59.4 mW/cm 2 for the 500 W lamp, 3.9 mW/cm 2 for the germicide lamp and 2.1 mW/cm 2 for the lamp used for experiments in the visible light. The photoreactor (volume: 670 ml) consists of two concentric quartz glass tubes fitted one into the other and a centrally positioned lamp. It is connected to a gas-mixing unit serving for the adjustment of the composition of the gas or vapor mixtures to be photolyzed in situ. The carrier gas was Ar, which was mixed with C 2 H 6 (~1.5%, 330 mmol). In the study of the effects of CO 2 , its amount was varied between~1.5e4.5%. The gas-mixture was circulated by a diaphragm pump. The reaction products were analyzed with an Agilent 4890 gas chromatograph equipped with PORAPAK 1/2Q þ PORAPAK 1/2S packed and Equity-1 capillary column. The sampling loop of the GC was 500 ml. The amount of all products was related to this loop. The conversion of C 2 H 6 was calculated taking into account the amount of C 2 H 6 consumed. This value agreed well with that one based on the H basis, e.g. taking into account the H content of the C 2 H 6 and the amount of H 2 formed. For FTIR studies a mobile IR cell housed in a metal chamber was used [35] . Infrared spectra were recorded with a Biorad (Digilab. Div. FTS 155) instrument. Samples were illuminated by the full arc of a Hg lamp (100 W LPS-220, PTI) outside the IR sample compartment. The filtered light passed through a high-purity CaF 2 window into the cell. All the spectra presented in this study are difference spectra.
In the temperature programmed desorption (TPD) the heating rate was 5 K/ml and the flow of Ar was 20 ml/min. The temperature programmed reduction (TPR) was carried out in H 2 flow (15 ml/min) with a ramp of 5 K/min heating rate from about 300 K up to 1173 K. Desorption products were analysed by gas chromatography. For TPR experiments 7 previously used catalysts samples (30 Â 10 mm) were applied.
Diffuse reflectance spectra of TiO 2 samples were obtained using an UV/Vis spectrophotometer (OCEAN OPTICS, Typ.USB 2000) equipped with a diffuse reflectance accessory. The surface area of the catalysts was determined by BET method with N 2 adsorption at~100 K. The dispersion of metals was determined by the adsorption of H 2 at room temperature. [36] . Titanium tetrachloride was used as titanium precursor. The TiCl 4 was carefully added into 150 ml Milli-Q water with gentle stirring in ice-water bath. After then the solution was heated to 323 K and 4.5 ml glacial acetic acid and 35 wt% ammonia was added dropwise with vigorous stirring until pH 8. After this step the solution was cooled down to 298 K and aging for a few days. The prepared sample was filtered and washed until pH 7 and then vacuum dried at 353 K for 12 h, followed by calcination at 723 K in flowing air for 3 h. The NeTiO 2 microtube sample is noted with "SX". The surface area of TiO 2 prepared in this way is 265 m 2 /g and that of Ndoped oxide is 79 m 2 /g. The nitrogen content of this sample is 2.9%. The bandgaps of these TiO 2 samples have been evaluated in our previous work [37] . The bandgap energy was determined from the plots of Kubelka-Munk function F(R ∞ ) vs. wavelength. We obtained 3.02 eV for pure TiO 2 and 1.98 eV for N-doped TiO 2 microtubes. Metal-promoted TiO 2 samples were prepared by impregnating pure or doped TiO 2 with the solution of metal compounds to yield a nominal 2 wt% metal [37] . For IR studies the samples were pressed in self-supporting wafers (30 Â 10 mm~10 mg/cm 2 ). For photocatalytic measurements the sample (~180 mg) was sprayed onto the outer side of the inner tube from aqueous suspension. The surface of the catalyst film was 439 cm 2 . The catalysts were oxidized and reduced at 573 K in the IR cell or in the catalytic reactor for 1 h. Ethane was the product of Messer with purity of 99.95% and the CO 2 was purchased from Messer, purity 99.995%.
Materials
Results
IR spectroscopic studies
To identify the surface species formed during the photocatalysis of C 2 H 6 detailed IR spectroscopic studies were performed. In the case of pure TiO 2 admission of C 2 H 6 into the cell gave intense absorption bands in the CH x region at 3006, 2971, 2954, 2933, 2894 and 2831 cm À1 , which remained practically unaltered following the illumination. In the low frequency region, the bands at 1622 and 1445 cm À1 , present before illumination, clearly intensified and several new weak bands developed already after 30 min of photocatalysis. In the CH x frequency range we obtained the same picture for TiO 2 -supported metals. In the low frequency range of the IR spectra of Rh/TiO 2 the absorption band at 1618 cm À1 became very large after extended illumination and weak absorptions at 1442, 1382 and 1343 cm À1 developed. In the case of Pt/TiO 2 illumination caused only slight effect on the IR spectra of ethane. In contrast, strong bands developed at 1662, 1565, 1444, 1346 and i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 1 ( 2 0 1 6 ) 1 3 4 8 5 e1 3 4 9 2 1220 cm À1 following the irradiation of C 2 H 6 on Pd/TiO 2 . Some IR spectra are presented in Fig. 1 .
TPD measurements
The interaction of some catalysts with ethane was also examined by means of TPD measurements. The catalyst was kept in the ethane flow for 10 min at 330e350 K, then it was washed with pure Ar until it contained ethane (~20 min). Results for TiO 2 and Rh/TiO 2 support are displayed in Fig. 2 
Photocatalytic studies
Deposition of Pt metals on TiO 2 exerted a remarkable photocatalytic effect on the decomposition of ethane. Results are displayed in Fig. 3 . Highest activity was measured on Pt/TiO 2 and Rh/TiO 2 and the lowest one on Ru/TiO 2 . The main gaseous product was H 2 , the amount of which increased with the length of irradiation. A small amount of CH 4 was also produced on the active catalysts (3e8%). Surprisingly, however, the formation of C 2 H 4 , the product of the dehydrogenation of C 2 H 6 was completely missing. Calculation of the conversion on the consumption of ethane showed a good agreement with the values based on the H content of the product. However, we obtained much less values based on the carbon content of the ethane reacted and methane found. In the case of the active Rh catalyst we examined the effect of other oxidic supports, like ZnO, CeO 2 and Al 2 O 3 . As shown in Fig. 4 these samples exhibited very low photoactivity. Similarly to the case of TiO 2 -supported metals, the major product was H 2 with a small amount of CH 4 . We also determined the photocatalytic efficiency of the oxides alone. Highest conversion,~4%, was measured on pure TiO 2 .
Detailed measurements were performed concerning the effect of CO 2 . Adding CO 2 to C 2 H 6 (mole ratio 1:1) exerted no influence on the photoreaction of ethane on TiO 2 -supported metals. We obtained the same result when the amount of CO 2 was significantly increased (CO 2 /C 2 H 6 ¼ 3). In harmony with this finding CO was not detected in the products. We made an extensive search for the identification of O-containing compounds. When the CO 2 /C 2 H 6 ratio was 3 the formation of ethanol (~0.24%) and methanol (~0.35%) was found. Interestingly the amount of CH 4 remained almost unaltered. As we are using a very powerful, 500 W medium pressure lamp, we cannot exclude the possibility that the transiently formed Ocontaining CH compounds underwent rapid decomposition before its identification [37] .
TPR measurements
The results presented in Fig. 3 clearly indicated that illumination of C 2 H 6 on TiO 2 -based noble metals leads to a complete degradation of ethane to hydrogen and some kind of 
carbonaceous compound. In order to know more about this deposit the catalyst film has been removed from the photoreactor after the completion of the photocatalytic reaction, and TPR measurements were carried out in a separate reactor.
Some TPR spectra are presented in Fig. 5 . On Rh/TiO 2 a small amount of CH 4 was produced with a T p ¼ 453 K, and a much larger one with T p ¼ 604 K. Little amounts of ethane and propane with T p ¼ 602 K were also formed. In the case of Pt/ 
TiO 2 the generation of CH 4 occurred with T p values of 578 and 1003 K. A very tiny peak was also detected at T p 1055 K.
Photocatalytic studies in visible light
An attempt was made to investigate the photocatalysis of C 2 H 6 on Pt/TiO 2 in visible light. Unfortunately, the lamp available for such a study was less effective (15 W), so we obtained only very limited photoreaction (conversion~0.1%). Somewhat higher photoactivity (conversion 0.2e0.3%) was measured over Pt deposited on N-doped TiO 2 .
Discussion
Interaction of ethane with M/TiO 2 IR and TPD measurements indicate that ethane adsorbed both on TiO 2 and metal-containing TiO 2 at~300 K. The amount of adsorbed ethane is only slightly larger on M/TiO 2 samples compared to pure TiO 2 . Its desorption occurred at relatively low temperature from both pure and metal-containing TiO 2 (Fig. 2) . The adsorption and the bonding of ethane on TiO 2 are 
only slightly influenced by the presence of a small amount of metal. IR spectroscopic studies also confirmed the existence of molecularly bonded ethane at~300 K. As a result of illumination, however, the absorption peaks developed at~1618,~1450, 1442,~1343 and~1392 cm
À1
, which can be attributed to the different vibration of adsorbed CH 2 ]CH 2 formed (see Table 1 ).
Catalytic study
Pure TiO 2 exhibited only a very modest photocatalytic activity for the reaction of C 2 H 6 : the conversion was only~4% in 210 min. Deposition of Pt metals on TiO 2 , however, markedly enhanced its effect. On the basis of conversion measured in 210 min we obtained the following activity order for TiO 2 -supported metals: Pt/TiO 2 (23%), Rh/TiO 2 (20%), Ir/TiO 2 (16%), Pd/TiO 2 (14%), Ru/TiO 2 (7%). Comparison on the basis of turnover over frequency gave very similar order ( Table 2 ).
The possible reason of the low photoactivity of TiO 2 is that the recombination of the charges induced by illumination
is very fast on TiO 2 . The deposition of Pt metals onto TiO 2 , however, markedly enhanced the extent of photo-effect of TiO 2 . This promoting effect of metals in photocatalytic processes is generally explained by the better separation of the charge carriers generated in the primary process [38, 39] , which provides a greater possibility for the activation of C 2 H 6
It can be also assumed that the Schottky barrier at metal/ TiO 2 interface can function as efficient barrier preventing electronehole recombination [40, 41] . In the case of Au catalyst Wu et al. [42] pointed out that smaller metal particles induce more negative Fermi level shift than the larger particles. In addition the surface plasmon resonance absorption may also contribute to the total absorption thereby to the enhanced photoactivity of Au/TiO 2 catalyst [43e45]. As the work function of Pt metals are higher (4.71e5.16 eV) than that of TiO 2 (4.6 eV), we can also expect the transfer of electrons from TiO 2 to Pt metals at the M/ TiO 2 interface contributing also to the enhanced activation of adsorbed molecules. The role of the electron transfer in the enhanced catalytic effect of TiO 2 supported metals catalysts has been assumed and confirmed long time ago [46, 47] and this idea has been generally used since then.
As regards the further steps we could assume the decomposition of C 2 H 5 radical to C 2 H 4
or as was found on many metal surfaces [48, 49] , its recombination
The fact that neither C 2 H 4 nor C 4 H 10 was detectable in the products suggests that the lifetime of transiently formed C 2 H 5 or C x H y is very short, and instead of their coupling reactions they underwent fast photo-generated degradation resulting in some kind of carbonaceous deposit onto the catalyst.
As TPR measurements revealed it reacts with H 2 around 600 K.
A surprising result is that adding CO 2 to C 2 H 6 exerted no influence on the photo-induced reaction of C 2 H 6 . Several previous studies showed that illumination activates the CO 2 molecule leading to the formation of negatively charged CO 2 À , which is much more reactive than the neutral CO 2 [50, 51] . The 
importance of the activation of CO 2 appeared in our recent study dealing with the catalytic and photocatalytic reaction of H 2 þ CO 2 on Au deposited on various n-type oxides [52, 53] . Depending on the nature of the supports the thermal catalytic reaction proceeds above 475e500 K leading exclusively to the formation of CO and H 2 O. Methane and methanol formed only in trace quantities. Photocatalysis, however, induced the reaction giving CH 4 even at room temperature. The highest conversion on the most active Au/TiO 2 was 3e5% in 200 min.
In the present case, however, there was no sign of any effect or involvement of CO 2 in the photo-induced decomposition of C 2 H 6 . Further investigations are clearly needed. 
Conclusions
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